WHAT'S KNOWN ON THIS SUBJECT: Isolated methylmalonic acidemia, one of the most common inborn errors of organic acid metabolism, is known to be associated with variably impaired intellectual functioning and severe biochemical and clinical abnormalities. However, the neurocognitive outcomes have yet to be fully described.
WHAT'S KNOWN ON THIS SUBJECT: Isolated methylmalonic acidemia, one of the most common inborn errors of organic acid metabolism, is known to be associated with variably impaired intellectual functioning and severe biochemical and clinical abnormalities. However, the neurocognitive outcomes have yet to be fully described.
WHAT THIS STUDY ADDS:
This research defines the neurocognitive phenotype of isolated methylmalonic acidemia and identifies processing speed as a specific impairment. Clinical, biochemical, and molecular genetic covariates were explored. A history of hyperammonemia at diagnosis was found to correlate with poorer cognitive outcomes. abstract OBJECTIVE: Methylmalonic acidemia (MMA) is a metabolic disorder with a poorly defined long-term neurocognitive phenotype. We studied the neuropsychological outcomes of patients and examined clinical covariates that influenced cognition.
METHODS:
A diverse cohort with mut, cblA, or cblB subtypes of isolated MMA (N = 43), ages 2 to 32 years, were evaluated at a single center over a 6-year period. The influence of clinical, laboratory, and metabolic parameters on neuropsychological testing results was determined.
RESULTS: Early-onset mut patients (n = 21) manifested the most severe neurocognitive impairments, with a mean 6 SD full-scale IQ (FSIQ) of 71.1 6 14.75. Late-onset mut patients (n = 6) had a mean FSIQ of 88. 5 6 27.62 . cblA (n = 7), cblB (n = 6), and mut patients diagnosed prenatally or by newborn screening (n = 3) obtained mean FSIQs in the average range (100.7 6 10.95, 96.6 6 10.92, and 106.7 6 6.66, respectively). Hyperammonemia at diagnosis and the presence of a seizure disorder were associated with a lower FSIQ (P = .001 and P = .041, respectively), but other clinical variables, including basal ganglia injury and mutation status, did not. FSIQ remained stable over longitudinal testing (n = 10). Decreased scores on processing speed, compared with all other intellectual domains, emerged as a specific neurocognitive manifestation.
CONCLUSIONS:
The neurocognitive outcomes seen in isolated MMA are highly variable. An earlier age of disease onset, the presence of hyperammonemia at diagnosis, and a history of seizures were associated with more severe impairment. In all patient subtypes, selective deficits in processing speed were present. Pediatrics 2012;129:e1541-e1551 The isolated methylmalonic acidemias (MMAs) are a heterogeneous group of autosomal recessive inborn errors of organic acid metabolism first described in 1967 and affect ∼1 in 50 000 to 1 in 80 000 births. [1] [2] [3] Isolated MMA is frequently caused by deficient activity of methylmalonyl-coenzyme A mutase, resulting in partial (mut -) or complete (mut 0 ) loss of enzymatic function. Other subtypes of MMA, cblA and cblB, involve disruption in the handling and synthesis of the methylmalonyl-coenzyme A cofactor 59-deoxyadenosylcobalamin. All forms of MMA result in massive elevation of methylmalonic acid and metabolites derived from propionyl-coenzyme A in the body fluids of affected patients. 4 Patients with MMA typically present within the first year of life, often in the neonatal period, with encephalopathy, hyperammonemia, and metabolic acidosis. 5 The disorder is difficult to manage and has a highly variable outcome. [6] [7] [8] [9] [10] [11] [12] Treatment options involve injections of vitamin B 12 in responsive patients 13 ; strict adherence to a low-protein diet; carnitine supplementation; and solid organ transplantation. 14 Neurocognitive and neurologic deficits have been recognized to occur in patients with MMA, 6, 8, 11 including global developmental delay and hyperkinetic movement disorders secondary to basal ganglia injury. 15, 16 Even though MMA is one of the most common organic acidemias and has been studied over the past 40 years by numerous investigators, the severity, high mortality, variable treatment regimens, and clinical heterogeneity of the disorder have made the natural history and long-term disease-related complications difficult to define. 17 Consequently, many studies that have attempted to examine the neurocognitive outcomes of patients with MMA were retrospectively conducted, 8, 18 relied on surveys using historical data collected across multiple institutions, 6, 8, 10, 18, 19 and/or used varied testing protocols to measure cognition. 6, 9, 10 To investigate neurocognitive outcomes seen in the patient population, a cohort of 43 individuals with isolated MMA underwent a battery of clinical, laboratory, and psychological assessments to characterize the specific cognitive domains affected in MMA. The goal was to determine if cognitive deficits mirror clinical severity, to describe dependent neurologic covariates, and to explore cognitive phenotype-genotype enzymatic relationships. Our results define a disease-associated neuropsychological phenotype and identify clinical covariates associated with cognitive outcome.
METHODS

Subjects
Patient studies were conducted through National Institutes of Health study 04-HG-0127 ("Clinical and Basic Investigations of Methylmalonic Acidemia and Related Disorders"; clinicaltrials.gov identifier: NCT00078078) in compliance with the Declaration of Helsinki. Patients were evaluated longitudinally between 2004 and 2010. The recruitment was not based on race, gender, nutritional status, or disease severity. Ongoing care and dietary management were provided by regional metabolic centers. Forty-three patients completed the neurocognitive battery and were included in this study.
Laboratory, Molecular Genetic, and Clinical Studies
In all cases, the diagnosis of MMA was confirmed with cellular biochemical studies and/or molecular genetic analysis. Because only 2 patients were classified enzymatically as mut -, they were combined with mut 0 patients and in toto designated as the mut subtype, which was then separated into earlyand late-onset groups for subsequent analyses. Age at onset was determined by using medical record review and/or parental interview. Patients were classified as early-onset when they presented on or before 30 days of life. Patients with a prenatal or newborn screening diagnosis (P/NBS) were grouped separately. Disease presentation was defined as the presence of symptoms and signs characteristic of MMA (tachypnea, recurrent vomiting, poor feeding, lethargy, encephalopathy, and failure to thrive). Hyperammonemia was defined as ammonia levels .100 mM at ,1 month of age or .35 mM for those aged $1 month.
Disease presentation and history of hyperammonemia, seizures, and dialysis were determined by using medical records and/or interview.
Neurocognitive Evaluation and Neurologic Examination
Age-appropriate versions of the Wechsler intelligence scales were administered (Wechsler Preschool and Primary Scale of Intelligence-Third Edition, 20 Wechsler Intelligence Scale for Children-Fourth Edition, 21 Wechsler Adult Intelligence Scale-Third Edition, 22 index could not be computed for a particular subject. For visually or motorically impaired patients (n = 5), FSIQ was estimated by using verbal subtests from the Wechsler scales. For 2 additional early-onset mut patients, FSIQ was estimated by using available subtests because of cooperation considerations.
For patients aged ,2 years 6 months (n = 2) or who evidenced marked sensory, motoric, or cognitive impairment (n = 6), the Vineland Adaptive Behavior Scales, Second Edition 24 (Vineland-II), was independently analyzed. The Vineland-II Adaptive Behavior Composite comprises informant surveys of communication, daily living skills, socialization, and motor skills.
Fourteen patients were evaluated longitudinally ($2 evaluations) by using either the Wechsler scale (n = 11) or Vineland-II (n = 3). Both measures have a mean 6 SD population score of 100 6 15. Scores ,70 indicate impaired functioning.
Basal ganglia injury was defined as evidence of a globus pallidus lesion on MRI and/or a movement disorder diagnosed by a pediatric neurologist. 
Statistical Analyses
One-way between-subject analysis of variance tests, unpaired t tests, and paired t tests were performed by using SPSS 19 (IBM Corporation, Armonk, NY). Given the exploratory nature of the study and limited samples, we favored type I error risk over type II error risk when thresholding for significance. An a level of .05 was used because a more conservative approach (eg, Bonferroni) would further reduce the power to detect meaningful effects. Because means and statistical comparisons can be misconstrued in small samples (due to the rarity of MMA), we also provided percentages and graphical presentation of the data. The results are presented as mean 6 SD.
RESULTS
Demographic, Enzymatic, and Clinical Characteristics
Characteristics of the 43 participants with isolated MMA (7 cblA, 6 cblB, 21 early-onset mut, 6 late-onset mut, and 3 P/NBS mut) who completed a Wechsler intelligence scale (n = 38) and/or a Vineland-II (n = 8) are presented in Table 1 . The patient cohort was 62.8% male, primarily white, and genetically diverse, as reflected by the spectrum of mutations. Because the study was fully funded, including travel, lodging, and testing, patients representing a wide range of socioeconomic means were enrolled, including those who were impoverished. The age of diagnosis was highly variable and ranged from the prenatal period to 4 years. Twentysix patients presented symptomatically as neonates, and 3 patients were diagnosed either prenatally or after newborn screening. The mean age at first neuropsychological testing was 12.5 6 8.23 years (range: 2-32 years).
Selected Clinical and Laboratory Manifestations
A summary of the clinical presentation, symptoms, and laboratory findings in the study population is presented in Table 2 . Fourteen patients presented with lethargy, 7 patients with failure to thrive, and 11 patients with recurrent vomiting. Twenty-five patients presented with hyperammonemia at diagnosis; 11 had laboratory documentation of ammonia levels at diagnosis (Supplemental Table 4 ) and 14 were reported to have hyperammonemia (Supplemental Table 5 ) according to parental interview.
Four patients manifested severe neuroophthalmalogic disease, and 15 patients had evidence of basal ganglia injury either on MRI or by using a neurologic evaluation. Allpatientswith imaging findings had a movement disorder. Seven patients had a history of a seizure disorder; no patient had seizures at the time of study. Three patients (2 early-onset mut and 1 lateonset mut) had microcephaly.
Intelligence Was Stable in Patients With Isolated MMA Who Were Retested
To determine whether neurocognitive outcomes were stable in our cohort, standard scores for the Wechsler indices were examined using the Reliable Change Index, 25 a psychometric method for determining if changes in scores over time are due to cognitive differences. On average, patients did not show any change in FSIQ (n = 10) between first and last assessment (Reliable Change Index: 0.06; Fig 1) or across years since first assessment (Fig 2A) . In addition, different subtypes of MMA (Fig 2B) , different groups of patients according to intelligence score at baseline (Fig 2C) , and different ages at first testing (Fig 2D) did not show any longitudinal change in FSIQ. These patients did not exhibit any consistent decline or improvement in Verbal Comprehension (n = 10), Perceptual Reasoning/Organization (n = 9), Working Memory (n = 7), Processing Speed (n = 6), or Adaptive Behavior Composite (n = 3) (data not shown). Because as a group there were no significant changes, mean index scores were calculated for each patient and used as a marker of abilities for subsequent analyses.
Intelligence Was Influenced by MMA Subtype and Age at Onset in mut Patients
The mean FSIQ of all isolated MMA patients (n = 37) was 85.0 6 20.68, which is in the low average range (80 # IQ #89). There was variation between subtypes. Figure 3 illustrates each patient' s IQ and index scores, and Table 3 presents the percentage of patients (according to subtype) who were impaired (FSIQ ,70).
Patients with cblA or cblB and P/NBS mut patients displayed mean FSIQs of 100.7 6 10.95, 96.6 6 10.92, and 106.7 6 6.66, respectively, which were in the average range (90 # IQ #109). Lateonset mut patients manifested a mean FSIQ of 88.5 6 27.62, which is in the low average range. Early-onset mut patients had a mean FSIQ of 71.1 6 14.75, which is in the borderline range (70 # IQ #79). The early-onset mut patients had a larger percentage of FSIQ scores in the impaired range than the cblA, cblB, and P/NBS mut patients (Table 3) .
We examined intergroup differences for each index of intelligence (Fig 3 B-E) . cblA, cblB, and P/NBS mut patients obtained scores in the average range for all indices. No cblA, cblB, or P/NBS mut patients obtained scores in the impaired range for any index ( and Working Memory scores in the average range. Early-onset mut patients manifested mean scores for all indices of intelligence in the borderline intellectual functioning range. A large proportion (27%-44%) of early-onset mut patients obtained scores in the impaired range on the indices. Patients with isolated MMA who were administered a Vineland-II (n = 8) had a mean Adaptive Behavior Composite of 64.8 6 18.14, which is .2 SDs below the mean for the general population and is significantly decreased, using a one-sample t test (P = .001). Supplemental Figure 7 shows the distribution of Vineland-II Adaptive Behavior Composite and Wechsler FSIQ scores superimposed over the normal curve of score distributions for the general population.
Patients With Isolated MMA Showed Deficits in Processing Speed Compared With Other Indices of Intelligence
Patients with isolated MMA, excluding those with neuro-ophthalmologic disease (n = 4), showed significant deficits in Processing Speed when compared with FSIQ (n = 20; P = .040), Verbal
Comprehension (n = 20; P = .031), Perceptual Reasoning/Organization (n = 20; P , .001), and Working Memory (n = 19; P = .024) (Fig 4) . When those with a movement disorder were excluded, the remaining patients still manifested deficits in Processing Speed compared with Perceptual Reasoning/Organization (n = 13; P = .002), FSIQ (n = 13; P = .080), and Verbal Comprehension (n = 13; P = .080).
A Lower FSIQ Was Associated With Hyperammonemia at Diagnosis and a History of Seizures
To determine the effect of hyperammonemia at diagnosis on cognition, Wechsler scores from patients with laboratory documentation (n = 11) and/ or clinical history of hyperammonemia (n = 14) at the time of diagnosis were compared with those without hyperammonemia. Patients without a clinical or laboratory history of hyperammonemia at diagnosis (n = 8) had a mean FSIQ of 104.9 610.96, whereas those with hyperammonemia (n = 21) had a mean FSIQ of 78.8 619.29 (P = .001) (Fig 5) . Verbal Comprehension (P = .007) and Perceptual Reasoning/Organization (P = .008) were also significantly decreased in patients with hyperammonemia (mean Verbal Comprehension: 84.0 6 15.33, n = 21; mean Perceptual Reasoning/Organization: 84.6 6 20.63, n = 18) compared with those without hyperammonemia (mean Verbal Comprehension: 101.8 6 8.04, n = 7; mean Perceptual Reasoning/Organization: 108.3 6 16.14, n = 8). Working Memory and Processing Speed were also lower in patients with hyperammonemia (mean Working Memory: 84.1 6 20.44, n = 15; mean Processing Speed: 81.4 6 16.94, n = 13) compared with those without hyperammonemia (mean Working Memory: 111.3 6 12.69, n = 4; mean Processing Speed: 97.9 6 11.55, n = 4); however, statistical tests were not reported due to the small sample size. An identical analysis conducted with the mut subtype only showed the same results (data not shown).
Patients with no history of seizure disorder (n = 31 [29 with FSIQ]) manifested a mean FSIQ of 87.4 6 19.31, whereas those with a history of seizure disorder (n = 7 [6 with FSIQ]) attained a mean FSIQ of 68.5 6 22.72 (Fig 6) .
Patients with a history of seizure disorder had lower FSIQ (P = .041) and Perceptual Reasoning/Organization (P = .030) scores than those without.
We next examined the effect of clinical and laboratory manifestations of isolated MMA on cognitive domains. Diagnosis within 10 days of disease onset, basal ganglia injury, number of nonsense mutations, and age at initial neurocognitive evaluation at the National Institutes of Health did not correlate with a difference in FSIQ or other indices of intelligence (Supplemental Figs 8-11 ). In addition, clinical manifestations at diagnosis such as gender, lethargy, failure to thrive, and recurrent vomiting did not show an effect on any neurocognitive parameter.
DISCUSSION
The near-universal implementation of expanded newborn screening using tandem mass spectrometry has afforded the early detection of patients with a wide spectrum of disorders, 26 such as MMA, where treatment regimens and long-term outcomes require clinical delineation. In contrast to disorders such as phenylketonuria and maple syrup urine disease, which were shown to have improved neurocognitive outcomes with early dietary and treatment interventions, [27] [28] [29] isolated MMA has yet to receive similar study, perhaps because of the high lethality of the condition in childhood. Reports 6, 30 have suggested that isolated patients with MMA have experienced improvements in mortality in recent decades and have provided impetus to define the clinical phenotypes, such as intellectual disabilities, associated with increased longevity.
The goals of our study were first to delineate the neurocognitive outcome seen in a cohort of carefully phenotyped patients and then to query relationships between clinical variables and cognitive function. The use of a standardized clinical research protocol and singlecenter design that enrolled a group of diverse patients has allowed our studies to overcome limitations faced by others, particularly the precise biochemical, enzymatic, and molecular characterization of the affected individuals andthe reliance onsurveysto gather primary neurocognitive data. 6, 8, 10, 18, 19 Consistent with previous observations, 6, 8, 18 we documented that cblA, cblB, P/NBS mut, and, to a lesser degree, late-onset mut patients can have normal cognitive outcomes, whereas early-onset mut patients showed lower and more variable cognitive functioning (Fig 3) .
The range of outcomes prompted an investigation of selected clinical parameters and their associations with FSIQ in this cohort. We found that a history of hyperammonemia at diagnosis was related to lower measures for FSIQ, Verbal Comprehension, and Perceptual indicating that this, too, may play a role in the outcome of infants with MMA. In addition, the finding that a history of a seizure disorder is associated with lower IQ is consistent with evidence linking seizures, particularly generalized tonic-clonic seizures, to impaired cognitive functioning. 32 Whether this is a primary or secondary manifestation of another process in MMA is unclear.
Other clinical parameters were assessed to determine correlations with cognitive outcome. Homozygosity for nonsense mutations was not shown to have an association with indices of intelligence in any subtype (Supplemental Fig 10) . Because many of the mutations in the patient cohort are "private," specific genotype-phenotype correlations could not be ascertained. In addition, neurocognitive improvement in patients treated early after disease onset was not observed, indicating that once symptoms are present, an impact on cognition in the disease course is likely.
Detailed cognitive testing afforded exploration of an area of intelligence in which some patients had disproportionate impairment: Processing Speed (Fig 4) . Patients with idiopathic mild to moderate intellectual disability are expected to show higher Processing Speed scores compared with other indices. 21 In light of this expectation, the fact that patients with MMA, who are often diagnosed with intellectual disability, show impaired Processing Speed is particularly striking. This observation is consistent with the known vulnerability of the basal ganglia in MMA and the consequences of basal ganglia injury, 33 and indicates a possible differential impact of toxic metabolites on cognition. Further evaluation using more precise Processing Speed measurements, such as reaction time tasks and measures of inspection time not necessitating motor response, 34 may therefore provide a means to prospectively monitor disease manifestations in patients. Whether Processing Speed may be affected by white matter disease in the MMA patient population deserves further study, especially because several studies have established that whereas children with early-treated phenylketonuria exhibit a global pattern of impairment, a particular deficit in Processing Speed is present. 35, 36 Future investigations that concurrently and prospectively examine brain MRI and magnetic resonance spectroscopy findings in parallel with neuropsychological testing in patients with MMA should help define which central nervous system domains and structures clinically contribute to the observed neurocognitive phenotype.
The stability of the intelligence test scores (Figs 1 and 2 ) documented in our study cohort indicates that cognitive decline may not be intrinsic to isolated MMA. This observation bolsters a previous case report 12 demonstrating exceptional abilities in a patient with biochemically severe MMA. Although numerous cell studies have claimed that methylmalonic acid itself is neurotoxic, 37, 38 the patient data indicate that sequelae of neurodegeneration, if present, may exhibit a very slow rate of progression and/or manifest only in a select group of nuclei that control processing speed.
Our study had limitations. We did not systematically characterize the socioeconomic status of the patients or assess the ascertainment bias in our study, but because we have determined the enzymatic and mutation spectrum of the participants, direct comparisons with other cohorts should be easily accomplished through molecular genetics and enzymology. Although we were unable to define a critical ammonia level or duration of hyperammonemia, a relationship between hyperammonemia and longterm cognitive outcome suggested by our analysis mandates further study.
CONCLUSIONS
The data presented in this report represent the largest effort to date to define the neurocognitive phenotype seen in isolated MMA and establish a valuable reference set and framework for future investigations in cohorts of patients,
FIGURE 5
FSIQ according to history of hyperammonemia at diagnosis by laboratory record or parental recall for all patients.
FIGURE 6
FSIQ according to presence of a seizure disorder.
particularly those diagnosed through newborn screening. Important clinical variables that influence cognitive outcomes, such as hyperammonemia, were identified, and new metrics for monitoring intellectual functioning in isolated MMA have emerged. The identification of impaired Processing Speed and its potential relationship to neurocognitive function should provide a prospective marker to monitor central nervous system manifestations of MMA.
